A multiple lines of evidence approach for the ecological risk assessment of an accidental bitumen release from a steam assisted gravity drainage (SAGD) well in the Athabasca oil sands region  by Berger, Robert G. et al.
Science of the Total Environment 542 (2016) 495–504
Contents lists available at ScienceDirect
Science of the Total Environment
j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenvA multiple lines of evidence approach for the ecological risk assessment
of an accidental bitumen release from a steam assisted gravity drainage
(SAGD) well in the Athabasca oil sands regionRobert G. Berger a, Melissa Whitﬁeld Aslund b, Greg Sanders c, Michael Charlebois c,
Loren D. Knopper d, Karl E. Bresee e,⁎
a Intrinsik Health Sciences Inc., 6605 Hurontario Street, Suite 500, Mississauga, Ontario L5T 0A3, Canada
b Intrinsik Environmental Sciences Inc., 6605 Hurontario Street, Suite 500, Mississauga, Ontario L5T 0A3, Canada
c Omnia Ecological Services, 722 27th Avenue NW, Calgary, Alberta T2M 2J3, Canada
d Stantec Consulting Ltd., 200-835 Paramount Drive Stoney Creek, Ontario L8J 0B4, Canada
e Intrinsik Environmental Sciences Inc., 736 — 8th Avenue SW, Suite 1060, Calgary, Alberta T2P 1H4, CanadaH I G H L I G H T S G R A P H I C A L A B S T R A C T• A Multiple LOE ERA characterized risk
at two SAGD accidental bitumen release
sites
• ERA predicted negligible likelihood of
adverse outcomes
• Small mammal collection conducted to
substantiate the conclusions of the ERA
• An increase in EROD activity observed
in voles, but no other adverse outcomes
• Biological sampling program supported
the conclusion of the initial ERAAbbreviations: AhR, Aryl hydrocarbon receptor; BTEX
Exposure point concentrations; ERA, Ecological risk assess
omatic hydrocarbons; PHC, Petroleum hydrocarbon; SAGD
⁎ Corresponding author at: Intrinsik Environmental Sci
E-mail address: kbresee@intrinsik.com (K.E. Bresee).
http://dx.doi.org/10.1016/j.scitotenv.2015.10.050
0048-9697/© 2015 The Authors. Published by Elsevier B.Va b s t r a c ta r t i c l e i n f oArticle history:
Received 2 September 2015
Received in revised form 8 October 2015
Accepted 8 October 2015
Available online 3 November 2015
Editor: D. Barcelo
Keywords:
Bitumen
Ethoxyresoruﬁn-O-deethylase
Ecological risk assessmentTo assess the ecological impacts of two independent accidental bitumen releases from two steam assisted gravity
drainage (SAGD)wells in the Athabasca oil sands region, a multiple lines of evidence (LOE) approach was devel-
oped. Following the release in 2010, action was taken tominimize environmental impact, including the selective
removal of the most highly impacted vegetation and the use of oil socks to minimize possible runoff. An ecolog-
ical risk assessment (ERA) was then conducted based on reported concentrations of bitumen related contami-
nants in soil, vegetation, and water. Results of biological assessments conducted at the site were also included
in the risk characterization. Overall, the conclusion of the ERAwas that the likelihood of long-term adverse health
effects to ecological receptors in the areawas negligible. To provide evidence for this conclusion, a smallmammal
sampling plan targeting Southern red-back voles (Myodes gapperi) was carried out at two sites and two relevant
reference areas. Voleswere readily collected at all locations and no statistically signiﬁcant differences inmorpho-
metric measurements (i.e., body mass, length, foot length, and adjusted liver weight) were found between, benzene, toluene, ethylbenzene and xylenes; CYP1A1, Cytochrome P450 1A1; COPC, Contaminants of potential concern; EPC,
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Steam assisted gravity drainageanimals collected from impact zones of varying levels of coverage. Additionally, no trends correspondingwith bi-
tumen coveragewere observedwith respect tometal body burden in voles formetals that were previously iden-
tiﬁed in the source bitumen. Hepatic ethoxyresoruﬁn-O-deethylase (EROD) activity was statistically signiﬁcantly
elevated in voles collected from the high impact zones of sites compared to those collected from the reference
areas, a ﬁnding that is indicative of continued exposure to contaminants. However, this increase in EROD was
not correlated with any observable adverse population-wide biological outcomes. Therefore the biological sam-
pling program supported the conclusion of the initial ERA and supported the hypothesis of no signiﬁcant long-
term population-wide ecological impact of the accidental bitumen releases.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the Athabasca oil sands region of Alberta, Canada, the majority of
bitumen and heavy crude oil deposits are not recoverable using surface
mining. These heavy oil deposits are a mixture of sand (~83–85%),
water (~4–5%), and bitumen (~10–12%). To help recover these highly
viscous and almost immobile oils underground, in situ methods of ex-
traction, such as steam assisted gravity drainage (SAGD), have been de-
veloped (Butler andMokrys, 1989). This thermal oil productionmethod
uses two parallel horizontal well pairs, one approximately 5 m above
the other. Steam injected by the upper well creates a chamber that ex-
pands vertically and horizontally and as this steam chamber expands,
it heats the bitumen, which results in decreased viscosity and increased
ﬂow. The bitumen subsequently drains via gravity to the lower well
head, at which point it is pumped to the surface for processing.
Today surface mining accounts for approximately 20% of oil sands
production and SAGD accounts for the remaining 80% (GOA 2015).
Though protective measures are continually developed, failure points
along the extraction pipeline may develop (Yu et al., 2013). Environ-
mental concerns from SAGD operations primarily relate to air emis-
sions, water use and land disturbance but occasionally an accidental
release of bitumen occurs and the number of failures on crude oil pipe-
lines is quite small (AER 2013).
In July 2010, an accidental release from aDevon Energy SAGDwell in
the Athabasca oil sands region occurred, resulting in the deposition of
crude bitumen and water to a surrounding area of approximately
636 ha (herein referred to as Site 1). The majority of Site 1 (623 ha)
was categorized as ‘low impact’ (i.e., cover of bitumen on the leaf sur-
face of understory plants b25%); 13.6 ha was considered the ‘moderate
impact zone’ (25–75% coverage); and 3.4 ha classiﬁed as ‘high impact’
(N75% coverage). Following the release at Site 1, actionwas immediate-
ly taken to minimize environmental impact, including the removal of
highly covered vegetation and ground lichen, hand clearing of vegeta-
tion surrounding a nearby creek, and the use of oil socks to minimize
the impact of runoff. Chemical concentrations in surface water, sedi-
ment, soil, moss and herbaceous plants and shrubs were assessed and
extensive surveys of wildlife utilization of the area conducted.
In 2012, an ecological risk assessment (ERA) was carried out for Site
1 to evaluate the potential that ecological receptors living in or
frequenting Site 1 might experience toxicologically induced changes
in health. To characterize risk, three lines of evidence (LOE)were devel-
oped: a hazard quotient (HQ) approach using reported bitumen-related
contaminant concentrations from environmental media at Site 1 to in-
form estimates of exposure/dose, a review and evaluation of the statis-
tical representation of the data, and a review of the biological
assessment conducted at the site. This ERA concluded that the likeli-
hood of long-term adverse health effects to receptors in Site 1 was neg-
ligible. The possibility of acute effects in wildlife exposed to bitumen
prior to the extensive remediation was not assessed in the ERA. It is
well documented that acute exposure to petroleumoil can have adverse
health effects, including alterations of thermal regulation and respirato-
ry and gastrointestinal distress (Davis et al., 1988; Rebar et al., 1995).
The conclusion of the ERA for Site 1was revisited in 2013 following
the occurrence of a second accidental release at a separate andindependent Devon Energy SAGDwell. The 2013 release affected a con-
siderably smaller area (63 ha) (Site 2), and resulted in lower overall
coverage. Cover of bitumen on the leaf surface of understory plants
was 20–50% in the highest impact zone and b0.5–10% and b0.5–3% cov-
erage in the moderate and low impact zones, respectively. Given the
smaller scale of the incident at Site 2 and the results of the ERA for
Site 1, it was expected the likelihood of long-term adverse health effects
to receptors in Site 2would also be negligible. As a fourth LOE to corrob-
orate this hypothesis, a small mammal sampling program was under-
taken targeting Southern red-back voles (Myodes gapperi) in the low,
moderate, and high impact zones of Site 1 and 2, as well as in two rele-
vant reference areas. The use of small mammals as biological indicators
of environmental contaminant exposure has been widely tested and
used (e.g., Milton and Johnson, 1999; Gonzalez et al., 2008; Wren,
1986; Johnson et al., 1996; Shore, 1995; Saunders et al., 2009;
Knopper and Mineau, 2004). For this study, Southern red-backed voles
were determined to be ideal bioindicators as they are herbivorous and
thus likely to consume bitumen coated plant material more than other
animals in the vicinity of Site 1 and 2. Furthermore, Southern red-
backed voles are known to be present within the affected area, have a
relatively conﬁned home range, and are generally abundant and zoo-
notic disease free. The captured voleswere used to investigate the effect
of the bitumen release on general morphometric characteristics (i.e.
body mass, length, foot length, and adjusted liver weight) as well as
on metal body burden and hepatic ethoxyresoruﬁn O-deethylase
(EROD) induction; both of which are markers of exposure to bitumen.
In this paper, the methods and results of the initial ERA of Site 1 are de-
scribed, as well the supporting results provided by the sampling and
analysis of voles collected from both Site 1 and Site 2.
2. Methods
2.1. Ecological risk assessment (ERA) of site 1
The ERA was conducted according to a widely recognized frame-
work that progressed froma qualitative initial phase (Problem Formula-
tion), through Exposure and Toxicity Assessments, and culminated in a
quantitative/qualitative Risk Characterization and discussion of the as-
sumptions and uncertainties inherent to ERA. The ERA was informed
by site-speciﬁc data collected in the vicinity of Site 1.
2.1.1. Problem formulation
Contaminants of potential concern (COPC) selected for this risk as-
sessmentwere identiﬁed based on the composition of the released bitu-
men from Site 1 in 2010 and subsequent comparisons of the maximum
levels of these COPC in soil, moss, herbaceous plants, and shrubs at Site 1
to local reference locations that were not affected by the accidental re-
lease. Bitumen was primarily composed (N 95% by mass) of petroleum
hydrocarbons (PHC) in F3 (C16–C34), F4 (C34–C50), and F5 (C50–C100+)
fractions. To a lesser extent, bitumen also contained detectable levels
of F1 (C6–C10) and F2 (C10–C16) fractions, and a number of metals
(barium, copper, beryllium, calcium, chromium, cobalt, iron, lead, mag-
nesium,manganese,molybdenum, nickel, phosphorus, potassium, sodi-
um, strontium, sulfur, vanadium, zinc, and zirconium). No detectable
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μg/g), polycyclic aromatic hydrocarbons (PAHs; b10 μg/g), arsenic
(b0.40 μg/g) or cadmium (b0.1 μg/g) were observed.
Analysis of soil, moss, and herbaceous plants and shrubs sampled
from Site 1 in July 2012 and from ﬁve uncontaminated reference loca-
tions between 2010 and 2012 was also carried out to measure the
COPC identiﬁed in the bitumen (Supporting information, Table S1–
S3). For all sampled media, it was of interest to compare the concentra-
tions reported from Site 1 against those from the uncontaminated refer-
ence locations to identify COPC that exceeded natural background
concentrations. Additionally, for soil it was possible to compare COPC
concentrations fromSite 1 to surface soil remediation guidelines for nat-
ural area land use for ecological receptors via direct soil contact in the
province of Alberta (coarse soil; ESRD, 2010). Overall, COPC in Site 1
soil were only carried forward for further consideration if themaximum
observed concentration ormaximum reported detection limit exceeded
both the applicable soil quality guideline and the natural background
COPC concentration (represented by the 90th percentile of the observed
concentrations for that COPC in soil samples collected from the refer-
ence locations). COPC in moss and herbaceous plants and shrubs were
only carried forward for further consideration if themaximumobserved
concentration ormaximum reported detection limit of that COPC in that
vegetation from Site 1 exceeded the natural background COPC concen-
tration. COPC that are inherently non-toxic were excluded from further
consideration. These toxicological considerationswere informedby var-
ious sources, including Environment and Sustainable ResourceDevelop-
ment (ESRD) of Alberta, Canadian Council of Ministers of the
Environment (CCME), US Environmental Protection Agency (US EPA),
and the Agency for Toxic Substances and Disease Registry (ATSDR).
Aquatic media were not considered as water and sediment samples
collected from a creek passing through Site 1 in 2011 showed no metal
or hydrocarbon parameters in excess of relevant sediment quality
guidelines (AENV, 1999; CCME, 2011a, 2011b). Furthermore, COPC
values in the creek water and sediment were consistent with historical
values recorded in as part of the annual Devon Project Wetland Moni-
toring Program conducted by Matrix Solutions Inc. from 2007 to 2009.
All chemical analyses performed to support COPC identiﬁcation for
Site 1 were carried out at the AMEC analytical laboratory in Edmonton,
Alberta, Canada, which is accredited by the Canadian Association of Lab-
oratory Accreditation (CALA).
Ecological receptors were chosen to reﬂect species that were indige-
nous to the area; likely to receive the greatest exposure due to habitat,
behavioral traits, home range and nature of the release; and representa-
tive of local interests (i.e., hunting). Selection of receptors was also
based on a review of wildlife assessment conducted by Omnia Ecologi-
cal Services (formerlyHAB-TECH) in 2010. Three herbivorousmammals
(Southern red-backed vole (Myodes gapperi), snowshoe hare (Lepus
americanus), and moose (Alces alces)), an insectivorous mammal
(masked shrew (Sorex cinereus)), terrestrial plants, and soil inverte-
brates (assessed as communities) were assessed in the ERA. Aquatic re-
ceptors were excluded as sampling results in 2011 indicated that there
were no measurable concentrations of COPC associated with the Site 1
release in either water or sediment of a nearby creek. In addition,
while avian species are known to inhabit the area, the available data
did not support a quantitative assessment for this group. Carnivorous
animals were not assessed in this ERA due to the non-
bioaccumulating and non-biomagnifying properties of the COPC being
assessed.
2.1.2. Exposure assessment
Possible exposure pathways identiﬁed in the ERA included soil in-
gestion, direct contactwith soil, ingestion of terrestrial invertebrates, in-
gestion of terrestrial mammals, and ingestion of terrestrial plants.
Exposure pathways considered for each ecological receptor varied de-
pending on receptor characteristics and habitat (Fig. 1 and Supporting
information, Table S7 and S8).For mammalian receptors, dietary exposure was estimated using a
total daily intake (TDI) model (Equation 1) that sums the intake from
all considered exposure pathways (e.g., ingestion of soil or terrestrial
plants).
TDI ¼ PT 
Xk
k¼1
NIRk  EPCkð Þ ð1Þ
where,
PT proportion of time spent by the receptor in the contaminated
area (unitless),
NIRk normalized intake rate of the kth consumedmedium (kg dry
weight/kg bw/d),
EPCk concentration of the contaminant in the kth consumedmedi-
um (mg/kg dry weight); and
k number of media considered (unitless).
The values required for Eq. (1) for each receptor, including home
ranges, residency times within the impacted area, and food and soil in-
take rates, were derived frompublished literature (Supporting informa-
tion Sections S1–S3 and Tables S5–S9).
For community receptors in this ERA (terrestrial plants and soil in-
vertebrates), the only exposure pathway considered was direct contact
with soil (Fig. 1). Therefore, exposure estimates for these receptorswere
equivalent to the soil exposure point concentrations (EPCs) described
below.
EPCs for soil and terrestrial vegetation (moss, herbaceous plants and
shrubs) were estimated based on reported measured concentrations of
each COPC from Site 1 for those media. For each COPC, the 95% upper
conﬁdence limit of the mean of all observed concentrations of that
COPC in themedium of interest was selected as the EPC when sufﬁcient
data were available (i.e., sample size ≥10 and ≤80% of the samples
below the detection limit). If insufﬁcient data were available, the maxi-
mumof the observed concentrations or the reported detection limits for
that dataset was selected as the EPC (Supporting information
Table S10).
As noted in the conceptual site model (Fig. 1), EPCs in soil inverte-
brates and small mammal prey items were required in order to deter-
mine the total daily intake of COPC for the shrew. As 86% of the
shrew's diet consisted of earthworms and insects (Supplementary In-
formation, Table S7), it was the only receptor that wasmore susceptible
to contamination originating from soil than from terrestrial plants. As a
result, the shrew was only assessed for exposure to the two COPC (bar-
iumandmanganese) thatwere carried forward based on soil concentra-
tions. Barium and manganese EPCs in earthworms and small mammal
prey items were subsequently estimated using equations derived from
previous publications (Sample et al., 1998a, 1998b, 1999; Baes et al.,
1984) as reported by the US EPA (2007) (Supporting information
Table S11).
2.1.3. Toxicity assessment
For the purpose of this ERA, the primary assessment endpoint was
the protection of non-threatened wildlife populations and terrestrial
plant and invertebrate communities based on predicted changes to
growth, reproduction, or survival (Suter, 2007). Formammalian ecolog-
ical receptors, the purpose was to establish toxicity reference values
(TRVs), deﬁned as the chronic daily dose of a contaminant below
which unacceptable adverse effects are not expected. While the lowest
observed adverse effect levels (LOAEL) based TRVs were preferentially
selected for this ERA, in some cases only no observed adverse effect
level (NOAEL) were available. The mammalian toxicity datasets and
TRVs developed by the US EPA (i.e., from the risk-based ecological soil
screening levels or Eco-SSLs) were preferentially chosen as the basis of
TRV selection. Where no US EPA TRVs were available, other sources of
toxicity data were reviewed (e.g., Oak Ridge National Laboratory, Agen-
cy for Toxic Substances and Disease Registry (ATSDR)). The TRVs
Fig. 1. Conceptual site model depicting the relevant pathways of exposure linking COPC in various environmental media and biota to the ecological receptors.
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vided in the Supporting information, Table S12.
Toxicity reference values were not derived for terrestrial plants and
soil invertebrates for the two COPC carried forward in soil as environ-
mental quality guidelines are by default, community based TRVs (or
benchmarks) meant to be protective of terrestrial plants and soil inver-
tebrates. Given the exceedance of the barium and manganese bench-
marks, the potential adverse effects to terrestrial plants and soil
invertebrates were assessed in the Risk Characterization.
2.1.4. Risk characterization
To characterize the risk towildlife receptors at Site 1, four lines of ev-
idence (LOE) were used. The ﬁrst, Hazard Quotient (HQ) calculation,
represents the potential for adverse effects following exposure to the bi-
tumen by determining the ratio of TDI over TRV, as deﬁned in Eq. (2).
HQ wildlifeð Þ ¼ total daily intake TDIð Þ
toxicity reference value TRVð Þ ð2Þ
For terrestrial plants and soil invertebrates, HQs were calculated as
the ratio of the soil EPC over the soil quality guidelines as shown in
Eq. (3).
HQ plants and soil invertebratesð Þ
¼ exposure point concentration EPCð Þ
soil quality guidelines
ð3Þ
The magnitude by which HQs differ from parity (i.e., where TDI =
TRV or soil EPC = soil quality guideline; HQ = 1.0) was used to make
inferences about the possibility of ecological risks. An HQ less than or
equal to 1.0 indicated that there was a low probability (especially
given the inherent conservatism in the ERA) that adverse environmen-
tal effects would occur in the population of interest. Alternatively, HQs
greater than 1.0 do not automatically indicate that there are adverse ef-
fects found within the exposed population; however, careful review of
predicted exposure levels, exposure limits, and other LOE is warranted.
For this ERA, the HQs for PHC F1, F2 and F3were summed, as is typically
donewith contaminants that share the samemodeof action, target end-
point or magnitude of toxicity, to derive a contaminant group Hazard
Index (HI).The second line of evidence to characterize the risk towildlife recep-
tors was a review and characterization of the statistical representation
of the data used in the ERA. For COPC that had anHQ or HI N 1.0, the ob-
served concentrations in soil and vegetation from the reference and im-
pacted areas were examined in more detail. The purpose of this
examination was to ascertain how well the selected EPCs represented
the levels of contaminant exposure for given wildlife receptors and
the extent to which contaminant exposure in the impacted area was
likely to differ from the reference areas.
The third line of evidence used in the ERA was the biological assess-
ment conducted at the site. Here, the assumptions used in the TDI
modeling approach to estimate HQs were compared with behavioral
and environmental observationsmade in the area to provide to provide
context for the results found in the ﬁrst two lines of evidence.
2.2. Analysis of the sublethal impacts of bitumen exposure on southern red-
backed voles (Site 1 and 2)
The goal of the sampling program was to collect ﬁve specimens
within six bitumen affected areas (at both Site 1 and Site 2) including
two samples from each of the high, medium, and low-impact areas. In
addition, two reference areas were also sampled. Sherman live traps
baited with a mixture of peanut butter and rolled-oats placed on a
cracker were used to capture the specimens over a four-day period in
May, 2014. Traps were outﬁtted with polyester bedding and encased
in a 2 L milk carton to provide thermal and moisture protection for
live specimens. Traps were placed in a linear transect/grid-like fashion
spaced approximately 10 m apart and checked twice daily. Micro-
habitat and vegetation associations were characterized at each success-
ful trap site (Beckingham and Archibald, 1996).
Captured animals were anesthetized using isoﬂurane then eutha-
nized via cervical dislocation (Garron et al., 2012). All trapping/animal
handling was approved by the Alberta Government and are covered
by Research Permit # 54,797 and Collection License #54,798. A number
of morphological measurements were obtained from captured animals
including body length, body mass, tail length, hind foot length and ear
length. The number of trap nights and capture ratewere also document-
ed. Animals were dissected in two stages. First, liver samples were col-
lected, weighed, ﬂash frozen and stored in liquid nitrogen within
10 min of sacriﬁce for ethoxyresoruﬁn O-deethylase (EROD) analysis.
Table 1
Summary of COPC carried forward for further assessment.
COPC COPC in
soil
COPC in
moss
COPC in herbaceous plants and
shrubs
PHC fractions
F1 (C6–C10) X X
F2 (C10–C16) X X
F3 (C16–C34) X X
Metals
Aluminum (Al) X
Antimony (Sb) X
Arsenic (As) X
Barium (Ba) X X
Cadmium (Cd) X
Chromium (Cr) X
Cobalt (Co) X
Copper (Cu) X
Manganese (Mn) X
Mercury (Hg) X
Molybdenum (Mo) X X
Nickel (Ni) X X
Strontium (Sr) X
Vanadium (V) X
Zinc (Zn) X
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the analysis of inorganic COPC (i.e., metals). These samples were stored
on ice and subsequently frozen between−18 °C and−20 °C.
Five grams of organ and muscle tissue (i.e., heart, kidneys, lungs,
spleen, remaining liver not needed for EROD analysis) was collected
and sent to Maxxam (Burnaby, BC) heavy metal analysis that was con-
ducted by Maxxam (a CALA accredited laboratory) using the US EPA
Method 200.3 (1991). Nitric acid/hydrogen peroxide digestion was
used to eradicate the organic matrix and aid in dissolution of themetals
whichweremaintained in solution through a ﬁnal HCl step. Inductively
coupled plasmamass spectroscopy (ICP-MS) was used to analyzemetal
levels in the wet sample. The limit of detection for each contaminant, as
provided by Maxxam, is reported in Supplemental Information,
Table S13.
Liver samples were weighed and homogenized with homogeni-
zation buffer (0.1 MPBS, pH = 8.0). Post-mitochondrial supernatant
was collected after centrifuging samples at 9000 ×g for 30min at 4 °C
and subsequently further centrifuged at 100,000 ×g for 60 min at
4 °C. The cytosol fraction was disposed and the microsomal pellet
was re-suspended with re-suspension buffer. From each sample
30 μl of the aliquot was removed and placed in a corresponding la-
beled Eppendorf tube for determination of the protein concentration
using Pierce BCA Protein Assay Kit (product #23,227). Both protein
and EROD samples were immediately placed on dry ice and trans-
ferred into a −80 °C freezer until needed. For validation, a pooled
sample was prepared by taking 10 μl of the microsomal suspension
from each sample. This sample was used to determine the EROD re-
action conditions for the samples. From the initial study it was
found that 20 μg of protein per well, 6 μM 7-ER (ﬁnal in reaction),
2 M MNADPH (ﬁnal concentration) with incubation time of 17 min
at 37 °C was required for EROD reaction. Thus, each sample was di-
luted to give roughly 20 μg protein per well.
Samples were mixed with 20 μl (~20 μg) of the diluted microsome
and 113 μl of the 7-ER solution (6 μM 7-ER in ﬁnal reaction) by shaking
in the plate reader. The platewas incubated in the dark at room temper-
ature for 2min and then 67 μl of NADPH (2mMﬁnal)wasquickly added
to all of the wells. Plates were subsequently incubated at 37 °C in the
plate reader for 17 min. The reaction was stopped by adding 30 μl ace-
tonitrile. The platewas read at 530 nmexcitation and 590 nmemissions
using a ﬂuorescent plate reader. The same diluted samples were also
quantitated to determine the protein content using Pierce BCA kit on
the same day.
2.2.1. Statistical analysis
Data were analyzed by one-way ANOVA followed by a post-hoc
Dunnett's test to compare exposed animals to the reference group
using Systat 13.1 (Systat Software Inc., Chicago, IL). Non-normal data
were log-transformed prior to analysis. The level of signiﬁcance was
set at p b 0.05, except in the captured small mammal metal analysis
where a Bonferroni correctionwasused to provide a level of signiﬁcance
of 0.05/n (where n represents the number of simultaneous compari-
sons). Upper conﬁdence limits (95%) of the mean following recom-
mended methods provided for that speciﬁc dataset were generated
using ProUCL (v 4.1.01; US EPA, 2011).
3. Results and discussion
3.1. COPC identiﬁcation
Across all threemediums, a total of 17 COPCwere identiﬁed and car-
ried forward for further quantitative assessment (Table 1). In soil, only
two COPC, barium and magnesium, were carried forward as their max-
imummeasured limit or detection limit was greater than the applicable
guideline and control summary statistic (Supporting information,
Table S1). The remaining 15 COPC were carried forward because their
maximum measured level or detection limit was greater than thecontrol summary statistic in moss or herbaceous plants and shrubs
(Supporting information, Tables S2–S4). These results suggest that the
majority of the bitumen was deposited directly to vegetation and that
very little transfer of bitumen to soil occurred. This was also reﬂected
in the concentrations of F1–F4 PHC fractions, which were much higher
in terrestrial vegetation (moss, herbaceous plants or shrubs) than in
soil (Supporting information, Table S4).
3.2. LOE 1 — hazard quotient calculations
Hazard Quotients and HI for were calculated for wildlife receptors
(Table 3). Hazard Quotients exceeded 1.0 for the PHC fractions for the
herbivorous animals (Southern red-backed vole, snowshoe hare, and
moose). The HQ for aluminum in the red-backed voles was N1.0 as
was the HQ for manganese for red-backed voles, snowshoe hares,
masked shrew, and terrestrial plants and invertebrates (Table 3).
These contaminants were examined more thoroughly through the
other LOE in the iterative ERA process.
3.3. LOE 2 — statistical representation of data
The second line of evidence examined how well the selected EPCs
represented the levels of exposure for given wildlife receptors and the
extent to which this exposure level was likely to differ from the refer-
ence area. TheHQs for PHC F1–F3were shown to be driven by the inges-
tion of terrestrial vegetation; the relative contribution of diet to the ﬁnal
TDI for PHC fractions was N98%. Vegetation samples naturally contain
an abundance of biogenic compounds that can interfere with the analy-
sis of hydrocarbons and artiﬁcially inﬂate reported values (Bryselbout
et al., 1998; Baas et al., 2000; CCME, 2001; Cermak et al., 2006), even
when appropriate analytical clean up procedures are used. The PHC
concentrations used to calculate EPCs and TDIsmay be at least partly re-
ﬂective of naturally occurring biogenic compounds in plants rather than
PHC associatedwith the accidental release of bitumen. Notably, the PHC
concentrations for F1, F2, and F3 measured in the vegetation sampled
from the reference zones were 50 to 80% of those measured in vegeta-
tion from the impacted zones (Table 2), even though the reference veg-
etation had no surface bitumen contamination. This suggests that the
EPCs used to represent PHCs likely substantially overestimated the actu-
al contribution from bitumen deposition to the PHC concentrations in
vegetation from the impacted zones. If the terrestrial vegetation EPC
for F1-F3were adjusted to account for these high levels found in the ref-
erence environments, the HQs (and subsequent HI) would be greatly
Table 3
Hazard quotients (HQs) for ecological receptors.
COPC Southern
red-backed
vole
Snowshoe
hare
Moose Masked
shrew
Terrestrial plants
&
soil
invertebrates
PHC fractions
F1 (C6-C10) 0.65 0.2 0.04 NA NA
F2 (C10-C16) 9.45 2.81 0.64 NA NA
F3 (C16-C34) 33.9 10.1 2.32 NA NA
PHC HI 43.4 12.9 3.01 NA NA
Metals
Aluminum (Al) 1.98 0.61 0.13 NA NA
Antimony (Sb) 0.18 0.06 0.01 NA NA
Arsenic (As) 0.08 0.03 0.01 NA NA
Barium (Ba) 0.25 0.09 0.02 0.22 0.67a
Cadmium (Cd) 0.02 0.01 b0.01 NA NA
Chromium (Cr) 0.14 0.04 0.01 NA NA
Cobalt (Co) 0.11 0.04 0.01 NA NA
Copper (Cu) 0.11 0.04 0.01 NA NA
Manganese
(Mn)
2.4 1.4 0.2 2.2 72.7 (plants),
35.6 (inverts)b
Mercury (Hg) 0.05 0.02 0 NA NA
Molybdenum
(Mo)
0.06 0.02 0 NA NA
Nickel (Ni) 0.41 0.12 0.03 NA NA
Strontium (Sr) 0.01 b0.01 b0.01 NA NA
Vanadium (V) 0.38 0.12 0.03 NA NA
Zinc (Zn) 0.08 0.03 0.01 NA NA
NA — not applicable; bolded values indicate HQ N 1.0.
a Derived by comparing soil EPC to Surface Soil Remediation Guideline Values for Nat-
ural Area Land Use for Ecological Receptors via Direct Soil Contact (Coarse Soil) from Al-
berta Tier 1 Soil and Groundwater Remediation Guidelines (ESRD, 2010), which are
protective of both terrestrial plants and soil invertebrates.
b Derived by comparing soil EPC to separate guideline values for protection of plants
(220 mg/kg) and invertebrates (450 mg/kg) from US EPA Eco-SSL (2007b)
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mined to be warranted in subsequent LOE.
An HQ that exceeded 1.0 was observed for aluminum for the South-
ern red-backed vole (Table 3). This exceedance was also driven by in-
gestion of terrestrial vegetation that had a relative contribution of 97%
to the TDI. Aluminum concentrations in reference vegetation had simi-
lar average concentrations of aluminum than vegetation from the im-
pacted area (650 mg/kg vs. 606 mg/kg for reference and impacted
regions, respectively). In addition, it was not clear whether aluminum
was a constituent of the bitumen; it was not quantiﬁed during the initial
analysis of bitumen sampled from Site 1. Aluminum is a naturally occur-
ring element in soil (US EPA, 2003) that accumulates in plants at con-
centrations that can exceed 1000 mg/kg (Chenery, 1948; 1949).
Therefore, the elevated HQ level for aluminum in the Southern red-
backed vole was likely from natural, pre-existing concentrations in
plants rather than the Site 1 release contamination and was not consid-
ered likely to be associated with adverse health responses.
An HQ over 1.0 was also observed for manganese for the Southern
red-backed vole, snowshoe hare, masked shrew and terrestrial plants
and invertebrates (Table 3). The HQs for the Southern red-backed vole
and snowshoe hare resulted primarily from soil ingestion (~50–70% of
the TDI). The masked shrew had a larger proportion of its TDI from die-
tary exposure (65.1%) relative to soil exposure (34.9%); however, the
diet of the masked shrew is primarily composed of insects and earth-
worms (86%), and the manganese concentrations in these dietary
items were predicted using the soil EPC. Therefore, the HQs N 1.0 for
manganese were driven by the soil EPC of 16,000mg/kg. Further analy-
sis of the soil samples collected showed that, though one sample collect-
ed from the impact area had a concentration of 18,900 mg/kg, the next
highest measurements were 4440 and 1390 mg/kg, with the remaining
77% of the available data having concentrations ≤201 mg/kg. When
compared statistically, there was no signiﬁcant difference between soil
measurements collected from the reference and impacted areas (t-
test, t =−1.102, df = 22, p = 0.32). These data indicate that the in-
creased soil manganese concentrations were not well correlated with
the spatial extent of Site 1 bitumen release and may therefore be indic-
ative of natural, pre-existing levels of manganese in soil in this area. Ac-
cordingly, the HQs were not considered indicative of increased
likelihood of adverse health responses.
3.4. LOE 3 — biological assessment
The ﬁrst two LOE indicated that the only contaminants identiﬁed in
the accidental releases as having the potential to induce adverse health
responses in wildlife were the PHC fractions F2, F3 and the sum of F1–
F3. In the TDI modeling approach used to estimate PHC HQs it was as-
sumed that the diet of each ecological receptor was entirely composed
of terrestrial vegetation with highly elevated PHC concentrations (due
to the accidental bitumen release) compared to reference. However, bi-
tumen deposition across the impacted area was not uniform, with
highest levels of bitumen coating on plants (N75% plant coverage) re-
stricted to the high impact zone, which comprised only 0.5% of the en-
tire area under consideration in this assessment. The majority of the
impacted area had been classiﬁed as the ‘moderate impact’ (25–75%
coverage, 13.6 ha) or ‘low impact’ (b25% coverage, 623 ha). Therefore,Table 2
Comparison of F1 to F3 PHC concentrations in control vegetation and vegetation from the
impacted zones
PHC fraction Location Range Mean (±SD)
F1 Control 24–193 101 ± 52.8
Impacted 52–360 196 ± 113
F2 Control 447–4680 2520 ± 1870
Impacted 348–7210 3230 ± 2940
F3 Control 1010–28600 6900 ± 7370
Impacted 429–36600 10400 ± 9540exposure to high PHC fractions associated with the accidental release
will be spatially limited. Further, it would be expected that animals
would preferentially avoid browsing on highly bitumen-coated vegeta-
tion due to odor, taste, and appearance; particularly when uncontami-
nated vegetation was available nearby. This assumption is supported
by the results of thewildlife assessment performed byOmnia Ecological
Services in 2011. Browsing by herbivores in the moderate and high im-
pact zones was noted to have occurred only in areaswhere the bitumen
cover on nearby shrubs ranged from 0.5% to 16.1% (average of 6.0%);
much lower than the average coverage assumed for those impact
zones. These observations suggest avoidance of the most highly
bitumen-coated vegetation by the herbivores. Finally, with respect to
the potential risk to terrestrial plants from the Site 1 release incident,
it should be noted that biological investigationsmade in 2012 indicated
that re-growth of the vegetation in the area of Site 1 impacted by the re-
lease has been healthy and vigorous. Therefore, evidence suggests that
adverse effects on plants at a community level were not manifested.
3.5. LOE 4 — sub-lethal impacts of bitumen exposure on southern red-
backed voles
3.5.1. Biological and morphometric assessment
A total of 51 Southern red-backed voles and one deer mouse
(Peromyscus maniculatus) were captured at Site 1 and 2. Forty red-
backed vole specimens were kept and processed for analysis; all others
were live-released at the trap site. All animals were found to have good
overall body condition based on the professional judgment of the biolo-
gists conducting the assessment. Overall, body condition was based on
visual assessment, condition of pelt (e.g., no bare patches, sores, cysts,
cuts), muscuskeletal structure (e.g., no broken bones or apparent
sprains) and healthymass and vigor (e.g., ribs showing and appropriate
level of activity). In addition, any potential visual signs of illnesswere to
be noted (cloudy eyes).
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ence areas were identical equaling one red-backed vole per 10 trap
nights. The capture rates from the two Sites showed some variability
that was not clearly associated with impact zone. For Site 1, capture
rates for the low,moderate, and high impact zoneswere one red backed
vole per 10, 18, and 8 trap nights, respectively. At Site 2, the capture
rates were one vole per 7, 5, and 13 trap nights, for the low, moderate,
and high impact zones, respectively. Five animals were used following
live capture in each exposure zone over a three night period. Animals
captured in the two reference zones were combined for the purposes
of comparison. The similar capture rates for voles between the reference
and the impact zones, in addition to high capture rates in the high im-
pact zones, is a strong indication that the population level of the red-
backed voles has not been impacted by the bitumen release. Morpho-
metric measurements analyzed, including body mass, body length,
foot length and adjusted liver weight, were not signiﬁcantly different
between the exposure zones at Site 1 or 2 (Table 4). The increased du-
ration of exposure (3.5 years at Site 1 compared to 0.5 years at Site
2) or differences in levels of exposure between the sites had no observ-
able impact on any of the biological measures.
3.5.2. Metal body burden
One animal from one of the reference sites was removed from all
metal analyses as measured concentrations were 4- to 40-fold greater
than observed overall mean levels for all metals analyzed. This animal
was an outlier and did not conform to the statistical or biological repre-
sentation of the data. The majority of body burdens of metals in voles
from Site 1 (Table 5) and Site 2 (Table 6) did not show any signiﬁcant
differences between the exposure zones, including aluminum andman-
ganese that were identiﬁed as COPC in the desktop risk assessment.
Analysis of variance indicated signiﬁcant differences between exposure
zones for chromium body burden (F(3, 20) = 12.0, p b 0.0001) and
nickel body burden (F(3,20) = 8.7, p = 0.001) for animals at Site 1.
Post-hoc analysis indicated that chromium levels were signiﬁcantly
greater in animals collected from the low, moderate, and high zones
when compared to those collected in the reference area (p b 0.0001).
Post-hoc analysis of nickel showed signiﬁcantly elevated levels in both
the high exposure zone (p b 0.0001) as well as the low exposure zone
(p b 0.05) when compared to reference areas. Analysis of metal body
burden in animals collected at Site 2 also showed a signiﬁcant variability
in chromium levels between exposure zones (F(3, 20) = 10.5, p b
0.0001). Post-hoc comparisons indicated that only the high exposure
group was signiﬁcantly greater than reference animals collected in the
reference areas (p b 0.0001). No othermetalswere found to differ signif-
icantly among the exposure zones.
The chromium levels in animals from Site 1 were highest in those
from the moderate zone, followed by the low impact zone and then
the high zone (Table 5), suggesting the observed variability was not di-
rectly associatedwith the bitumen release at Site 1. Chromiumwas car-
ried forward as a COPC in the desktop ERA as a result of the maximum
level in herbaceous plants and shrubs in the impacted area being greaterTable 4
Biological markers in Southern red-backed voles from Sites 1 and 2.
Exposure zone
Referencea Low
Site 1 Body mass 20.2 ± 1.5 20.9
Body length 97.0 ± 1.9 94.5
Foot length 16.5 ± 0.4 17.5
Adjusted liver weightb 0.053 ± 0.004 0.058
Site 2 Body mass 20.2 ± 1.5 20.8
Body length 97.0 ± 1.9 96.8
Foot length 16.5 ± 0.4 16.1
Adjusted liver weightb 0.053 ± 0.004 0.045
a The same reference animals were used for basis of comparison for both Site 1 and Site 2.
b Liver weight was adjusted by body mass.than the 90th percentile observed in the reference plants (3.1 mg/kg
and 2.92 mg/kg, respectively). Inspection of the plant measurement
data indicated that, of the 11 samples analyzed from the reference
area, two were above the maximum observed in impacted area while
the vast majority of samples from impacted zones (18 of 23) were
below the level of detection. Further, themean value of chromiummea-
sured in each of the three media analyzed (i.e., plants, moss and soil)
was greater in the reference zone than the impacted zones and were
well below environmental guidelines (ESRD, 2010). Collectively these
data indicate that the higher level of chromium observed in animals
from Site 1 was not associated with the accidental release of bitumen.
Increased nickel concentrations were found in animals sampled
from both the high and low exposure zones at Site 1 when compared
to reference areas. As these observed increases did not correspond
with increased bitumen coverage, these data suggest the observed in-
crease was not directly related to the bitumen release. In the desktop
ERA, nickel was carried forward as a COPC as the maximum observed
level in moss and herbaceous plants and shrubs was greater than the
90th percentile measured in non-impacted reference areas. Soil levels
were well below available guidelines (ESRD, 2010). In the analysis of
vegetation, 87% of the samples were below the level of detection, with
two of the three above the level of detection being located in the low ex-
posure zone. These data provide further evidence that nickel levelswere
not spatially correlated and therefore not associatedwith the accidental
bitumen release.
3.5.3. Ethoxyresoruﬁn O-deethylase (EROD)
The impact of bitumen exposure on the health of Southern red-
backed voles was further assessed through the analysis of catalytic ac-
tivity of liver enzymes (Fig. 2). Mean EROD activity in Southern red-
backed voles collected from the impact zones showed signiﬁcant differ-
ences among animals collected at Site 1 (F(3, 21)= 4.6, p=0.012) and
approached signiﬁcance in animals collected at Site 2 (F(3, 21) = 2.3,
p= 0.11). Multiple comparisons indicated that animals in the high ex-
posure zone from both Site 1 and Site 2 had signiﬁcantly higher levels of
EROD activitywhen compared to animals from the reference areas (p=
0.003 and p = 0.039, respectively), despite differences in the deﬁned
level of coverage between the two high zones (Site 1: N75%; Site 2:
25–50%). This difference in delineation between the sites resulted in
the moderate zone of Site 1 (25–75% coverage) having more compara-
ble levels of vegetation coverage to that of the high zone at Site 2 (25–
50%). However, there was no increase in EROD levels in animals from
the moderate zone of Site 1. One factor that may have contributed to
this difference in EROD activity is the amount of elapsed time between
the accidental release and animal collection, which was 3.5 years for
Site 1 and 0.5 years for Site 2. Once released into the surrounding envi-
ronment, the PHC composition of the deposited bitumen would contin-
ually be affected by weathering, which includes a range of chemical,
physical, biotic and abiotic processes such as evaporation, biodegrada-
tion, spreading, and phytochemical oxidation (ATSDR, 1999; Neff
et al., 2000; Douglas et al., 1996), which may ultimately decreaseANOVA
p-value
Moderate High
± 1.0 23.7 ± 0.8 19.3 ± 0.8 0.13
± 2.2 98.0 ± 2.2 90.7 ± 3.7 0.19
± 0.7 17.4 ± 0.4 16.6 ± 0.6 0.34
± 0.004 0.051 ± 0.004 0.054 ± 0.006 0.69
± 1.3 17.3 ± 0.6 18.9 ± 1.3 0.28
± 1.4 94.8 ± 1.0 92.0 ± 3.5 0.31
± 0.5 16.4 ± 0.4 17.4 ± 0.5 0.25
± 0.004 0.053 ± 0.004 0.057 ± 0.003 0.20
Table 5
Body burden of metals in Southern red-backed voles from Site 1.
Exposure zone ANOVA
p-valueb
Referencea Low Moderate High
Aluminum 3.93 ± 1.01 5.41 ± 1.32 4.17 ± 0.38 5.31 ± 0.67 0.3
Antimony 0.005 ± 0.002 0.009 ± 0.001 0.011 ± 0.004 0.014 ± 0.003 0.02
Arsenic 0.013 ± 0.001 0.010 ± 0.0002 0.010 ± 0 0.011 ± 0.001 0.01
Barium 9.27 ± 1.96 9.72 ± 0.82 10.67 ± 0.94 9.20 ± 0.47 0.6
Cadmium 0.017 ± 0.005 0.006 ± 0.002 0.011 ± 0.002 0.005 ± 0.002 0.05
Chromium 0.05 ± 0.008 0.17 ± 0.034⁎⁎ 0.18 ± 0.027⁎⁎ 0.14 ± 0.020⁎⁎ b0.0001
Cobalt 0.030 ± 0.002 0.024 ± 0.002 0.022 ± 0.003 0.026 ± 0.003 0.1
Copper 2.43 ± 0.066 2.83 ± 0.197 3.86 ± 0.813 2.99 ± 0.042 0.05
Manganese 0.96 ± 0.098 1.04 ± 0.130 0.95 ± 0.096 1.04 ± 0.13 0.9
Mercury 0.024 ± 0.003 0.017 ± 0.003 0.015 ± 0.002 0.015 ± 0.002 0.09
Molybdenum 0.16 ± 0.015 0.14 ± 0.014 0.12 ± 0.019 0.19 ± 0.022 0.07
Nickel 0.012 ± 0.001 0.026 ± 0.009⁎ 0.018 ± 0.002 0.036 ± 0.008⁎⁎ 0.001
Strontium 10.46 ± 1.42 5.76 ± 0.47 6.14 ± 0.69 7.53 ± 0.90 0.02
Vanadium 0.045 ± 0.004 0.040 ± 0.0 0.040 ± 0.0 0.055 ± 0.012 0.3
Zinc 28.2 ± 4.7 32.6 ± 1.7 30.2 ± 2.0 30.2 ± 1.8 0.2
Values are expressed as mean ± SE. Bolded values indicate signiﬁcant difference (p b 0.003).
a The same reference animals were used for basis of comparison for both Site 1 and Site 2.
b Bonferroni correction was used to provide a level of signiﬁcance of p b 0.003
⁎ p b 0.05 compared with control.
⁎⁎ p b 0.001 compared with control.
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ity levels for voles between Site 1 and Site 2 may reﬂect a decrease in
toxicity and/or bioavailability of the bitumen contamination over time.
The EROD assay is widely used as a catalytic marker of hepatic
CYP1A1 activity, thereby providing an indication of aryl hydrocarbon re-
ceptor (AhR) activation (Honkakoski and Negishi, 2000; Petrulis et al.,
2001). This enzyme plays a primary role in converting xenobiotics to
water soluble forms that can be easily excreted via Phase 1 biotransfor-
mation processes (Ma and Lu, 2007). CYP1A1 is known to be elevated
following exposure to natural occurring or spilled oil sources
(Colavecchia et al., 2004, 2006; Spies et al., 1996); however, this in-
crease in activity is typically attributed to the presence of PAHs
(Colavecchia et al., 2006). PAHmeasurements in the analysis of bitumen
collected at Site 1 were below the limit of detection and therefore not
carried forward in the ERA and subsequent small mammal analysis. As
a result, it is not clear which component of the complex bitumen mix-
ture may be responsible for the observed increase in CYP1A1 activity.
In vitro, a number of different oil fractions have been shown to be capa-
ble of inducing the AhR (Vrabie et al., 2012). As a complex mixture, bi-
tumen contains numerous compounds that could act as AhR agonists.
The observed increase in EROD activity indicates a natural up-Table 6
Body burden of metals in Southern red-backed voles from Site 2.
Exposure zone
Referencea Low
Aluminum 3.93 ± 1.01 3.73 ± 0.61
Antimony 0.005 ± 0.002 0.005 ± 0.0007
Arsenic 0.013 ± 0.001 0.010 ± 0.0003
Barium 9.27 ± 1.96 10.81 ± 1.47
Cadmium 0.017 ± 0.005 0.010 ± 0.003
Chromium 0.05 ± 0.008 0.051 ± 0.005
Cobalt 0.030 ± 0.002 0.026 ± 0.005
Copper 2.43 ± 0.066 2.65 ± 0.18
Manganese 0.96 ± 0.098 0.89 ± 0.09
Mercury 0.024 ± 0.003 0.031 ± 0.005
Molybdenum 0.16 ± 0.015 0.12 ± 0.029
Nickel 0.012 ± 0.001 0.012 ± 0.001
Strontium 10.46 ± 1.42 7.20 ± 0.78
Vanadium 0.045 ± 0.004 0.040 ± 0.0
Zinc 28.2 ± 4.7 28.32 ± 1.07
Values are expressed as mean ± SE. Bolded values indicate signiﬁcant difference (p b 0.003).
a The same reference animals were used for basis of comparison for both Site 1 and Site 2.
b Bonferroni correction was used to provide a level of signiﬁcance of p b 0.003
⁎⁎ p b 0.0001 compared with control.regulation of this enzyme system in response to chemical exposure,
suggesting that though there are strong indications of recovery in the af-
fected areas, this recovery is ongoing. In otherwords animals in the high
impact areas of Site 1 and 2 are presently exposed to bitumen-related
COPC that their conspeciﬁcs in the low, intermediate and control areas
are not. Regardless, biological and chemical markers of exposure did
not provide any observable adverse effects that correspondwith the ob-
served increase in EROD activity. On a population level, there were no
signiﬁcant differences in capture rates between Site 1 and 2 and refer-
ence areas. The typical lifespan of the red-backed vole ranges from 12
to 18 months in the wild (Ballenger, 1999). At Site 1, animals captured
in early 2014 may represent the second or third generation decedents
of animals exposed to the accidental release in 2010, providing evidence
of successful reproductive cycles.
4. Conclusions and uncertainties
The conclusions of any risk assessment are dependent on the data
and assumptions that are evaluatedwithin it, and are greatly inﬂuenced
by the variability and uncertainty that is associated with these data and
assumptions. Therefore, the key areas of variability and uncertainty andANOVA
p-valueb
Moderate High
3.17 ± 0.29 3.90 ± 0.83 0.9
0.005 ± 0.0009 0.008 ± 0.0024 0.4
0.010 ± 0.0 0.011 ± 0.0006 0.2
12.35 ± 1.42 9.11 ± 0.61 0.3
0.006 ± 0.001 0.005 ± 0.002 0.2
0.061 ± 0.014 0.20 ± 0.059⁎⁎ b0.0001
0.024 ± 0.001 0.028 ± 0.003 0.4
2.94 ± 0.28 3.17 ± 0.22 0.02
0.90 ± 0.09 0.98 ± 0.06 0.8
0.023 ± 0.005 0.015 ± 0.003 0.06
0.15 ± 0.030 0.23 ± 0.049 0.09
0.016 ± 0.001 0.016 ± 0.005 0.08
6.95 ± 0.56 6.94 ± 0.42 0.09
0.040 ± 0.0 0.040 ± 0.0002 0.7
30.02 ± 0.88 30.54 ± 2.13 0.6
Fig. 2. Liver EROD activity in animals collected from the reference, low,moderate and high
exposure zones. *p b 0.05 comparedwith reference animals. **p b 0.01 comparedwith ref-
erence animals.
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as to avoid possible underestimating, or artiﬁcially overestimating risks,
to the extent possible. Where variability and uncertainty are known to
exist, it is standard risk assessment practice to make assumptions and
select data that overestimate, rather than underestimate potential ex-
posure and risk. Given the tendency for the numerous conservative as-
sumptions used in the ERA to overestimate potential exposure and
hazards for the contaminants of concern, it is considered extremely like-
ly that the ERA has overestimated COPC exposures and risks in the re-
ceptors evaluated. Some of the conservative assumptions made in this
ERA included:
• use of maximum contaminant concentration in screening;
• use of the non-detect level as the concentration of contaminants;
• use of 100% bioaccessibility in TDI model;
• assumption that ecological receptors (especiallymoose and snowshoe
hare) spend of 100% of their life at the site;
• assumption that ecological receptors will actually consume the most
highly bitumen coated plant material despite its odor, taste, and ap-
pearance;
• use of crude oil toxicity as a surrogate for bitumen (which is likely of
lower toxicity); and
• use of maximum contaminant concentration in EPC calculation when
majority of samples are non-detect.
A point of uncertainty for this ERA is the on-site evaluation of birds.
In terms of avian receptors, speciﬁcally invertebrate-foraging species
like chickadees, the uptake factors used to derive invertebrate concen-
trations from soil are not appropriate, as these uptake factors give con-
centrations in species that are not prey items for chickadees. The
available plant data are also similarly not useful for a quantitative as-
sessment (no data on seeds were available). However, collection of fur-
ther data is unlikely to improve the ERA and reduce uncertainty as it is
reasonable to expect that birds (like mammals) may preferentially
avoid feeding within the impacted area due to the odor, taste, and ap-
pearance of the bitumen-coated vegetation. This is especially true
when uncontaminated areas are available nearby. This avoidance be-
havior by birds has been previously reported with respect to certain
pesticide treated crops (e.g., see McKay et al., 1999).
This ERAwas conducted to assess the ecological impacts of two inde-
pendent accidental bitumen releases from two SAGD wells in the Atha-
basca oil sands region and was based on a multiple LOE approach.
Following the ﬁrst release at Site 1 a desktop ERA was completed
based on reported concentrations of bitumen related contaminants in
soil, vegetation, and water and informed by a biological assessments
conducted at the site. Overall, the conclusion of the ERA was that the
likelihood of long-term adverse health effects to ecological receptorsin the area of Site 1 was negligible. A second andmuch smaller acciden-
tal release subsequently occurred at Site 2. Given the results of the ERA
for Site 1, it was expected that the smaller scale of bitumen release at
Site 2would not pose an unacceptable ecological risk to receptors. How-
ever to provide evidence for this hypothesis, a small mammal collection
program targeting Southern red-back voles (Myodes gapperi) was car-
ried out at Site 1, Site 2 and two relevant reference areas. This investiga-
tion demonstrated that animals in different impact zones from two
independent release sites were equally present and had no observable
morphological or differences in COPC blood levels that could be directly
related to bitumen exposure. While a signiﬁcant increase in CYP1A1 ac-
tivitywas observed in animals collected in the high impact zones,which
is indicative of exposure to contaminants, it was not correlatedwith any
observable adverse biological outcome. Therefore, the biological sam-
pling program provided evidence of ongoing recovery in the affected
areas (post clean up) and provided support for the conclusion of the ini-
tial ERA and the hypothesis of minimal population-wide ecological im-
pacts between one and four years after accidental bitumen releases.
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